ABSTRACT
INTRODUCTION
The availability of full genome sequences has generated great interest in studying gene function on a genomewide scale. Several technologies have been developed that allow for the functional analyses of gene activities. DNA arrays are already used extensively as an indirect assay for protein expression by profiling mRNA expression (3, 10, 26) . However, there are several limitations with DNA chip technology that could be addressed by using antibody arrays.
Antibody arrays can be used to analyze the expression of one or more proteins in a mixture such as a cell extract or human serum, with no need to separate the individual components and determine the identity of the corresponding proteins. Although antibodies derived by animal immunization are currently the most widespread class of molecules generally able to serve as high-specificity and high-affinity ligands, such antibody probes can be very expensive. Moreover, classical methods of antibody generation cannot produce these high numbers of different antibodies in a reasonable amount of time. The challenge will be to devise alternative methods such as large phageantibody libraries (14, 28) for antibody isolation that are amenable to high throughput and scale up. Thus, recombinant antibody fragments are likely to be the major components in the construction of antibody chips for highthroughput screening of protein expression in human cells. Recombinant antibody fragments provide an excellent target-binding specificity and can be produced in an automated fashion (15) . Several groups reported significant progress in developing protein microarray technologies (2, 4, 8, 22) and the use of recombinant antibodies in proteomic (11) and protein microarray technologies (7, 18, 25, 27) .
The biochip platform reported here is based on gold-coated glass in a microscope slide format. The immobilization procedure of different molecules onto a gold surface is accomplished by different technologies (1, 9, 12, 16, 20) . Superior spot-to-spot reproducibility, the elimination of smearing effects, and the prevention of cross talk between adjacent spots are ensured by a hydrophobic Teflon ® matrix (13) . Recently, this technology was used for the detection of IgM antibodies in the human sera of patients suspected of suffering from Lyme borreliosis (21) .
In this study, we wanted to test the chip platform using recombinant antibody fragments. Therefore, either synthetic recombinant antibody fragments (scFv and Fab) derived from the Human Combinatorial Antibody Library (HuCAL) system (14) or a synthetic peptide were immobilized onto the streptavidin surface of the biochip plat-form. The interactions of either fluorescence-labeled protein antigen or nonlabeled recombinant antibody targets with the surface immobilized probes were monitored in detail by varying a wide range of experimental parameters such as the concentration of the biotinylated probes (to determine the dynamic range) and the reproducibility of interactions and their kinetics. In addition, we developed an indirect immunoassay with no need of antibody labeling or the time-consuming process of antibody purification from periplasmatic extracts.
MATERIALS AND METHODS
Purified and biotinylated recombinant antibodies Ab27 (scFv), Ab28 (Fab), Ab29 (Fab), and purified nonbiotinylated recombinant antibodies Ab23 (scFv) and Ab24 (scFv) were provided by MorphoSys AG (Martinsried, Germany). The Ab27, Ab28, and Ab29 are specific to the extracellular part of human recombinant intercellular adhesion molecule 1 (ICAM-1) (R&D Systems GmbH, Wiesbaden, Germany), while Ab23 and Ab24 recognize a 17-mer peptide M42 (biotin-NH-FTFKEFQN-NPNPRSLVK-COOH) derived from the α-chain of human integrin CD11b. The M42 peptide antigen was synthesized by ThermoHybaid GmbH (Ulm, Germany) with a purity greater than 93%. The antibodies had been previously generated against the respective antigens by solidphase phage display panning and were selected for this study to allow for comparison of the format (scFv and Fab) and to compare different affinities, covering a kDa range from 10 -8 to 10 -6 M. All antibodies are epitope tagged at their Cterminus with the FLAG ® tag (DYKD-DDDK) (MorphoSys AG) and can be detected using the anti-FLAG M2 monoclonal antibody (Sigma, Deisenhofen, Germany) (6) . Goat monoclonal antimouse IgG antibody labeled with Cy5 dye and the Cy5 monofunctional dye were obtained from Amersham Biosciences (Uppsala, Sweden). Fluorescence labeling of ICAM-1 with Cy5 monofunctional dye was performed according to the manufacturer's instructions. The molecular ratio of ICAM-1/dye was found to be 2:4.
Protein Chip Platform
The protein chip platform, XNA on Gold (ThermoHybaid) is based on nanoscale biocompatible sensor architecture (13) . The glass slide is coated primarily with a 0.1-µm 24 carat gold layer. Layered onto this is a self-assembly monolayer (SAM) and a long chain of thiol-alkanes (16-mercaptohexadecanoic acid), to which biotin is covalently coupled via linker molecules [N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodimide]. Biotin-terminated SAMs are used to immobilize a streptavidin layer with high packing density. The interaction between biotin and streptavidin is strong (kDa is approximately 10 -15 M), ensuring the integrity of the protein chip surface under a wide range of experimental conditions. The protein chips are designed based on a standard microscope slide format. A duplicate with 96 or 384 spots (i.e., 192 or 768 spots in total), respectively, is available for conducting biomolecular interactions. The individual gold spots of 1.8 mm 2 are separated from each other by a Teflon layer. The hydrophobic Teflon surface prevents cross talk between the adjacent spots and virtually eliminates microarray smearing. The chips are compatible with fluorescence, mass spectrometry, and radio-imaging detection schemes.
Direct Immunoassay
The biotinylated recombinant antibody Ab27, Ab28, and Ab29 probes were dissolved in PBST-BSA buffer [PBS containing 0.1% Tween ® 20 (v/v) and 1% BSA] to obtain a series of concentrations in the range of 0.1-5 (Ab27 and Ab28) or 0.1-50 µg/mL (Ab29). A volume of 1 µL per spot was used in all experiments, and all samples were manually spotted in duplicate onto each array. The surface immobilization step and all incubations were conducted in a humidified chamber to minimize evaporation effects. After spotting, the humidified case was covered with a tight lid and incubated at room temperature for 60 min in all experiments, except for the kinetic study (40 min incubation). After immobilization, the chip was rinsed with sterile water, followed Vol. 34, No. 1 (2003) by three washes for 5 min in PBST with gentle agitation. Thereafter, the chips were rinsed with sterile water and dried under nitrogen. No blocking reagent was used either during the antigen immobilization or before the target incubation on the chips. The dried chips were immediately used for immunodetection by protein antigen ICAM-1 labeled with Cy5. Direct immunobinding was performed for seven different antigen target concentrations: a = 100; b = 50; c = 25; d = 12.5; e = 6.1; f = 3.1; and g = 1.6 µg/mL (diluted in PBST buffer) at room temperature for 60 min in a dark environment unless otherwise stated. The chips were subsequently rinsed with sterile water, followed by three washes for 5 min in PBST with gentle agitation. The chips were then covered with a glass coverslip and scanned using a fluorescence scanner (XNA ScanPro 20 microarray scanner; ThermoHybaid). A helium-neon laser (model configurations: R, RB, RBG types; Fuji Film, Bundoora, Victoria, Australia) (excitation wavelength, 633 nm, and absorption wavelength, 675 nm), resolution selections of 16 Bits per pixel, and a 50-µm pixel size were chosen for scanning the chips. The microarray analysis software, AIDA 2.11, from Raytest (Straubenhard, Germany) was used to analyze the image files. The fluorescence signal is expressed as linear arbitrary units across a 1-mm 2 area (LAU/mm 2 ).
Indirect Immunoassay
The biotinylated peptide M42 probe was dissolved in the PBST buffer to obtain a series of concentrations in the range of 0.5-15 µg/mL (1 µL final volume). The surface immobilization step for the M42 probe was performed under the same conditions as the immobilization of the biotinylated recombinant antibodies. The dried chips were immediately incubated with purified antibodies Ab23 (Ab24) dissolved in PBST-BSA at concentrations between 5 and 100 µg/mL (1 µL final volume) for 60 min. The chips were subsequently rinsed with sterile water, followed by three washes for 5 min in PBST with gentle agitation. The chips were subsequently incubated with mouse IgG anti-FLAG M2 monoclonal antibody at room temperature for 30 min (concentration = 20 µg/mL diluted with PBST-BSA; 1 µL/spot). After three additional washes for 5 min in PBST with gentle agitation, the chips were incubated with a goat anti-mouse IgG-Cy5 conjugate (diluted 1:500 with PBST-BSA; 1 µL/spot) at room temperature for 30 min in a dark environment. The chips were subsequently rinsed with sterile water, washed three times for 5 min in PBST, covered with a glass coverslip, and detected using the fluorescence scanner.
RESULTS

Detection of Cy5-Labeled Antigen with Immobilized Antibody Fragments Using the Protein Microarray Platform
The dynamic range for immobilized recombinant antibodies Ab27 and Ab28 was determined to be 0.1-1 µg/mL, corresponding to 3-30 fmol Ab27 and 2-20 fmol Ab28 probes per spot ( Figure 1, A and B) . Higher amounts of immobilized antibody per spot had no significant effect on the final fluorescence signal intensity, which indicated that the saturation levels of the spot surface had been reached. The dynamic range for Ab29 was not determined due to a very weak fluorescence signal. The dissociation constant of the Ab29 antibody, determined previously using surface plasmon resonance (BIAcore, Freiburg, Germany) before modification, was found to be more than 20-fold higher compared to the dissociation constants of Ab27 and Ab28. Drying the antibody-immobilized chip results in approximately 10% loss of the final fluorescence signal (data not shown). Recombinant antibody probes were incubated with ICAM-1-Cy5 at seven different concentrations ( Figure 1 , A and B, a-g) to determine an optimal target concentration. The intensity of the Cy5 signal corresponding to bound ICAM-1 antigen was found to vary in accordance with both the amount of surface-immobilized recombinant antibody probe and with the amount of target added. On the basis of the above The effect of the chip-to-chip variability tested by repeating each experiment five times on five different days. The average values (means), corresponding standard deviation, and coefficient of variation were calculated. c, concentration. 
Kinetic Study of Recombinant Antibody-Antigen Interactions
Ab27 antibody was used as the test system for conducting kinetic analysis with its corresponding target. Figure 2 shows the time course of immunobinding of the ICAM-1-Cy5 antigen target with the immobilized Ab27 (1 µg/mL) antibody probe. Half-maximal signal was reached after 9 min, and the signal saturation was reached after 50-60 min if the ICAM-1 concentration was 1 µg/mL. A 20-fold higher ICAM-1 concentration slightly accelerated the process (5 and 40 min, respectively), and better signal-to-noise ratios were obtained with these target concentrations (data not shown).
Protein Chip Reproducibility
The effect of the chip-to-chip variability was tested by repeating each experiment five times on five different days. The experiment was based on the incubation of the protein antigen ICAM-1-Cy5 (20 µg/mL) with surfaceimmobilized Ab27 recombinant antibody probe at different concentrations. All dilutions and sample solutions were freshly prepared on the day of the experiment. On the same chip, all test analyses were performed in triplicate, and the average fluorescence signals and standard deviations were calculated for each sample. The coefficient of variation for the fluorescence signals obtained from the values on the different biochips ranged 1.5%-5.8% (Table 1) . The intensity of the Cy5 signal corresponding to the ICAM-1 target was found to vary with the Ab27 concentration immobilized on the chips. The results demonstrate that highly reproducible data can be obtained on the streptavidin-coated chips.
Shelf Life of Recombinant Antibodies
After scFv antibody Ab27 (concentration = 1 µg/mL) probe immobilization, the chip was stored at 4°C for 1, 7, 14, and 28 days in a dry state or on a glass coverslip containing either PBST buffer or PBST buffer containing 40% glycerin. After the above storage conditions, detection was performed by using ICAM-1 (concentration = 1 µg/mL). High fluorescence signals were obtained when the Ab27 immobilized chips were stored in 40% glycerin, whereas storage under dry conditions resulted in decreased fluorescence intensities ( Figure 3 ). Storage in PBST led to intermediate signals, while storage in 40% glycerin doubled the Ab27 half life from two to four weeks compared to the storage at dry conditions.
Indirect Peptide Antigen Detection by Recombinant Antibodies Ab23 and Ab24
The dynamic range of the interaction was found to be between 0.5 and 5 µg/mL, which indicated a strong interaction between the streptavidin surface and the biotinylated M42 probe ( Figure   Research Report (5, 10, 25, 50, 75 , and 100 µg/mL). The antibodies Ab23 and Ab24 were detected with the anti-FLAG M2 monoclonal antibody, and visualization was subsequently performed using an antimouse IgG-Cy5 conjugate. 4 ). Compared to the results obtained in the direct immunoassay, a substantial amount of recombinant antibody (approximately 100 and 75 µg/mL Ab23 and Ab24, respectively) is required to receive a maximal fluorescence signal. The higher absolute fluorescence signal observed with Ab23 antibody correlates with the higher affinity of this antibody compared to the Ab24 antibody (determined previously using surface plasmon resonance before modification).
Screening of E. coli Antibody Expression Using Protein Chips
Finally, we wanted to test whether our platform can be used to directly screen for recombinant antibody binding using E. coli periplasmatic extracts. The Ab23 and Ab24 antibody fragments were serially diluted either in PBST containing 1% BSA or in E. coli periplasmic extract and incubated on a chip coated with 10 ng M42 peptide antigen ( Figure 5 ). Dilution with the periplasmic extract resulted in lower absolute fluorescence signals compared to the dilution with PBST-BSA, but the dynamic range was comparable. The signals obtained with the periplasmic extract-diluted material are sufficient to directly screen for the binding activity of antibody fragments functionally expressed in E. coli since such extracts usually have an antibody concentration between 10 and 200 µg/mL. Such an experiment was performed using periplasmic extract containing unknown amounts of either Ab23 or Ab24. By comparing fluorescence signals obtained in the experiments with purified antibodies ( Figure 5 ) and signals received in this experiment, we calculated the approximate concentrations of 25 and 30 µg/mL for Ab23 and Ab24, respectively.
DISCUSSION
The applicability of microarray technology based on streptavidin surface for the detection of antibody-antigen interactions was analyzed using three different recombinant antibody fragments, Ab27, Ab28, and Ab29, which recognize the soluble extracellular part of human ICAM-1. ICAM-1 is expressed in the endothelium and antigen-presenting cells. Binding to ICAM-1 enables lymphocytes to migrate through blood vessel walls. It has also been found in tissue specimens of artherosclerotic lesions (23) . The direct immunoassay was carried out using these antibody fragments fixed onto the biochip platform. Two antibody fragments, Ab23 and Ab24, specific for a peptide antigen derived from the α-chain of human integrin CD11b were used to perform an indirect immunobinding. CD11b binds to a wide repertoire of ligands including ICAM-1 (5, 24) .
Our data show that the direct method is very sensitive because the detection limit was 100 ng/mL (approximately 3 fmol/spot for recombinant antibodies), with the ICAM-1 antigen target at a concentration of 1 µg/mL. In contrast to standard ELISA, only minute amounts (1 µL) of all reagents are required to perform a single test. By comparing antibodies against the same antigen but with different affinities, we found a good correlation between signal intensity and binding strength. Standard ELISA experiments indicate that the Cy5-labeling of ICAM-1 does not affect the binding of Ab27 and Ab28 but decreases the Ab29 signal about 2.5-fold, which might explain the very low signals obtained with this antibody. The use of biotin-streptavidin technology enables highly specific interactions and reproducible results. The coefficient of variation was found to be lower than 6% in a chip-to-chip variability test (Table  1 ). In addition, there is no need of chip blocking before interaction with a target, which accelerates a typical assay.
The shelf life of immobilized recombinant scFv antibody fragment Ab27 was demonstrated to be very dependent of storage conditions ( Figure  3 ). The beneficial effect of 40% glycerin as a stabilizing solution has been previously demonstated (17) . However, even under such stabilizing conditions, it is not possible to store the scFv-coated chip for several months, as it is possible for DNA microarrays (19) . It has to be seen whether other storage conditions or the use of more stable antibody formats (e.g., the Fab format or the disulfide-linked Fv format) will prolong shelf life.
An indirect method to determine an- tibody-antigen interactions with no need of antibody modifications was developed in microarray format. Because labeling using a fluorescent dye or biotin is time consuming and can introduce structural changes in the antibody molecule, the indirect immunoassay could be a preferred method. Additionally, the high-throughput screening of recombinant antibodies expressed in E. coli grown in microplates can be done directly with this platform since the amount of material required is small (Figures 4 and 5) . Although absolute fluorescence signals are somewhat lower with antibodies diluted in periplasmatic extracts ( Figure 5 ), the dynamic range does not change, and the signals are still high enough to measure binding activity.
A main advantage of microarray technology is the reduction of material consumption with no need to increase material concentration. We believe that, for most routine clinical diagnostics and/or scientific purposes, only a few hundred spots per chip will be required. Thus, this chip platform is well suited to these applications.
